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Aldehydes are chemically active carbonyl compounds, and the human body can be exposed to them directly by ingestion, inhalation, or skin contact. More often, however, the aldehydes are produced during the biotransformation of other compounds. These aldehydes are potentially toxic substances or intermediates and must be detoxicated or inactivated in vivo. Aldehydes are mainly catalyzed by the NAD(P) ϩ -dependent aldehyde dehydrogenase (ALDH 1 ) to corresponding carboxylic acids, which are excreted from the body as such or as conjugates (Lindahl, 1992) .
Multiple forms of ALDH exist in the liver and other tissues of mammals, including humans, with a wide spectrum of aldehydes as substrates (Yoshida et al., 1998; Vasiliou et al., 1999) . The cytosolic ALDH1A1, the mitochondrial ALDH1B1, and ALDH2 are known to participate in acetaldehyde metabolism, but only ALDH2 has very high affinity (K m Ͻ5 M) for acetaldehyde, which makes it the most important isozyme in vivo for the oxidation of acetaldehyde produced from ethanol (Kurys et al., 1989; Klyosov, 1996) . Many Orientals, however, lack ALDH2 activity and develop a flush reaction after ingestion of alcohol (Harada et al., 1980 (Harada et al., , 1981 . This deficiency can be attributed to a single nucleotide substitution in the gene (i.e., G in the normal allele to A in the mutant allele), resulting in Glu/Lys exchange at residue 487 of the subunit (Yoshida et al., 1984; Hsu et al., 1985) . The ALDH2 alleles encoding the active and inactive subunits are termed ALDH2*1 and ALDH2*2, respectively. Previous studies have shown that both homozygotes and heterozygotes for ALDH2*2 are deficient in ALDH2 activity, suggesting the dominance of ALDH2*2 allele over the allele encoding the active subunit of the isozyme (Crabb et al., 1989; Singh et al., 1989; Xiao et al., 1995) .
Several studies have investigated alcohol metabolism and single nucleotide polymorphisms (SNPs) of ALDH2 gene and identified the relationship between the genotypes and development of alcoholism and the development of certain cancers (Shibuya et al., 1988; Yokoyama et al., 1999; Vakevainen et al., 2000) . However, the correlation between the genotypes and metabolism of other aldehydes is not well defined. With purified ALDH isozymes, the metabolism of some aldehydes, including the physiological retinaldehyde, has been characterized, and the kinetics of the enzyme toward some aldehydes were determined previously (Klyosov, 1996) .
In the present study, we used human liver tissue and studied the overall metabolic rates of various aldehydes in different cell organelles, which were then compared in relation to ALDH2 genotype. Our results showed that not all types of aldehydes are equally affected by the mutant ALDH2*2 allele, and the metabolic activity is stable with respect to aging, sex, smoking status, alcohol drinking, and mild liver abnormality.
Materials and Methods
Blood samples and histologically normal parts of liver sections were obtained from patients admitted to the Hebei Medical University Hospital (Shijiazhuang, China) who had undergone surgery for metastases of stomach cancer. The ethics committee of the university approved use of the biological materials. All participants completed a questionnaire regarding alcohol drinking and smoking habits. Serum alanine aminotransferase, aspartate aminotransferase, and ␥-GTP activities were determined with available commercial kits to estimate the liver function. Liver samples were frozen on dry ice and then stored at Ϫ70°C. Mitochondrial, cytosolic, and microsomal fractions were prepared from the samples by the procedures described in our previous study (Wang et al., 1999) . The mitochondrial, cytosolic, and microsomal preparations and the 700g supernatant were stored at Ϫ80°C until use.
ALDH activity in the above preparations was determined by an assay described previously by Wang et al. (1999) . Aldehydes, including propionaldehyde (97%), capronaldehyde (98%), decylaldehyde (95%), benzaldehyde (99%), 3-hydroxybenzaldehyde (97%), and 2,5-dihydroxybenzaldehyde, were purchased from Aldrich (Milwaukee, WI); acetaldehyde (99.5%) was obtained from Merck (Rahway, NJ); trans-retinaldehyde was purchased from Sigma (St. Louis, MO); formaldehyde (37%), n-butyraldehyde (98%), heptaldehyde (95%), octylaldehyde (97%), phenylacetaldehyde (90%), and 3-phenylpropionaldehyde were purchased from Wako Pure Chemicals (Osaka, Japan). These aldehydes are listed in Table 1 . The assay mixture, in 70 mM sodium pyrophosphate buffer, pH 8.5, contained 1 mM NAD ϩ , 1 mM pyrazole to inhibit any alcohol dehydrogenase activity, an enzyme source (either mitochondrial, cytosolic, or microsomal preparations, or a 700g supernatant), and aldehyde substrates at 10 M unless otherwise indicated. The reaction was started by addition of the substrate in water or in ethanol (for retinaldehyde, decylaldehyde, and 3-hydroxybenzaldehyde) or in ethyl ether (for nonyl aldehyde), and the rate of NADH formation was determined by measuring absorbance at 340 nm with a flow-cuvette Shimazu CL-770 spectrophotometer (Kyoto, Japan). The final concentration of ethanol or ethyl ether was 1%, and this concentration did not influence the rate of chemical reaction. A single determination was performed for each sample.
Genetic polymorphism of the ALDH2 gene was analyzed using PCR with improved primer design to simplify the detection. The sense primer (5Ј-TCAAATTACAGGGTCAACTGCTA-3Ј) covers part of exon 12 and the intron prior to it. The antisense primer (5Ј-GCCCCCAACAGACCCCAATC-3Ј) was selected from the sequence within the intron after this exon, and this part of sequence is closer to the COOH terminal than that selected by other groups (Tu and Israel, 1993) . The amplified 222-bp fragment was digested with Eco57I (Fermentas, Inc., Hanover, MD) and then separated by 2% agarose gel electrophoresis. Homozygous ALDH2*1/*1 subjects had 132-and 90-bp fragments, whereas homozygous ALDH2*2/*2 individuals had only a single product of 222 bp, and the heterozygous ALDH2*1/*2 subjects showed all three fragments (Fig. 1) .
All data were expressed as mean Ϯ S.D. Differences between groups were examined for statistical significance using the Student's t test. A P value less than 0.05 denoted the presence of a statistically significant difference.
Results
Genotyping Analysis of the ALDH2 Gene. With the newly designed primers, it is much easier to detect all three fragments in agarose gel, compared with the procedures so far used in which the time-and labor-consuming acrylamide gel electrophoresis was used or a secondary PCR had to be performed (Harada and Zhang, 1993; Nakamura et al., 1993) . No other fragment was detected with the primer pairs in all samples, making it easy to determine the genotypes. Among the total of 39 patients, 31 were homozygotes of the wild ALDH2*1 allele, whereas the other eight individuals were heterozygotes of the wild and mutant alleles (ALDH2*1/*2). No individual was homozygote of mutant ALDH2*2 allele.
Aldehyde Metabolism in the Two Genetic Groups. ALDH activity for 10 M acetaldehyde in mitochondria from individuals heterozygous for ALDH2*2 was less than 10% of that from individuals with the wild alleles ( Table 2 ). The activity for formaldehyde, propionaldehyde, and butyraldehyde was less than half of that in individuals homozygous for the wild allele. The activity for capronaldehyde and heptaldehyde was also significantly lower in the group with mutant allele. The difference in the activity for octylaldehyde and decylaldehyde, however, was not significant in the two polymorphic groups. When phenylacetaldehyde and phenylpropionaldehyde were the substrates, the activity in individuals with one mutant allele was slightly lower than that in the homozygous ALDH2*1 group, albeit statistically insignificant. ALDH activity in mitochondria was lower for benzaldehyde, 3-hydroxybenzaldehyde, and dihydroxybenzaldehyde compared with that for the aliphatic aldehydes and was not significantly different in the two groups. There was no significant difference in the activity for the physiological substrate retinaldehyde between the two genetic groups.
We also measured ALDH activity in cytosolic fractions prepared from 16 ALDH2*1/*1 individuals and 8 ALDH2*1/*2 subjects (Table 3). Similar results to that in mitochondria were obtained with six aldehydes as substrates, although the difference between the two polymorphic groups was less compared with that in mitochondria. In general, the activity was lower than that in mitochondria, except for The PCR amplified 222-bp fragment was digested with Eco57I and then separated onto 2% agarose gel electrophoresis. Homozygous subjects ALDH2*1/1 had 132-and 90-bp fragments (2, 3, 8, and 9) , and the heterozygous ALDH2*1/2 subjects showed all three fragments (1, 4, 5, 6, and 7). There were no homozygous ALDH2*2/2 individuals in this determination, which should have a single product of 222 bp. Lanes 10 and 11 contained the same PCR products of lanes 1 and 2, respectively, without digestion of Eco57I. M, size marker of a 100-bp DNA ladder.
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With regard to microsomal preparations, ALDH activity for acetaldehyde and benzaldehyde was not detected at 10 M substrate concentration. At a higher concentration (500 M), it could be detected, but the difference in the activity for either substrate was negligible between the two groups (data not shown).
The activity in 700g supernatant fractions from all subjects was assayed to reflect the total ALDH activity in the liver tissue from the two groups with different genotypes (Table 4) . With five aliphatic aldehydes and benzaldehyde as the substrates, changes in the activity were similar to those described above in the mitochondria and cytosol in both groups (i.e., liver tissue from individuals with ALDH2*1/*2 allele lacked ALDH activity for short-chain aliphatic aldehydes but not for those of long-chain or benzaldehyde).
Effects of Sex, Smoking Status, Drinking Alcohol, Aging, and Liver Damage on ALDH Activity. In male subjects homozygous for the wild allele, mitochondrial ALDH activities for both 10 M acetaldehyde and benzaldehyde in tobacco smokers and alcohol drinkers were similar to those in nonsmokers and nondrinkers (Table 5 ). The separate effects of smoking and drinking alcohol could not be calculated because of only a few such cases. ␥-GTP was determined to find any hepatic damage caused by drinking alcohol or exposure to other chemicals. The serum ␥-GTP concentration in most drinkers was within the normal range, indicating that drinking alcohol was probably not heavy (in fact, a high ␥-GTP level was noted in one subject of each group, as indicated in the legend to Table 5 ). The ALDH activity for the two aldehydes in 11 female patients with the wild alleles, who were all nonsmokers and nondrinkers, was compared with that in eight male patients who were also nonsmokers and nondrinkers, but no significant difference was found between the two sexes.
The effect of age on ALDH activity is depicted in Fig. 2 . The data were from the homozygotes for ALDH2*1 allele. For both acetaldehyde and benzaldehyde, the activity in the mitochondrial fraction diminished with aging, albeit statistically insignificant.
Five male patients homozygous for the wild allele were found with mild abnormal liver function, evidenced by the high serum concentrations of ␥ -GTP and/or alanine aminotransferase, but the ALDH activity for acetaldehyde and benzaldehyde was not significantly different from that of 15 male individuals with normal liver function (data not shown).
More than half of the patients were being treated with antibiotics (e.g., streptomycin or gentamicin) or received chemotherapy (5-fluorouridine) for 3 to 5 days before sampling. The ALDH activity in the liver of these patients was only slightly lower than that of patients without any drug treatment, suggesting that the administration of these agents at clinical dosage does not affect ALDH activity for both acetaldehyde and benzaldehyde (data not shown) under these conditions.
Discussion
In human liver tissue, which is the most important organ for cleansing alcohol from the body, we showed in individuals heterozygous for the mutant allele ALDH2*2 that the mitochondrial activity to metabolize acetaldehyde was only about 10% of that in homozygotes for the wild allele ALDH2*1. However, the deficiency in the activity a Results of serum ␥-GTP are also determined to identify any hepatic damage caused by drinking alcohol or other factors. One case in each of the nonsmoker nondrinker and smoker and drinker groups showed the highest value of 239 and 117, respectively. These two values were not included in the mean of the index.
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at ASPET Journals on October 29, 2017 dmd.aspetjournals.org was not the same for all aldehydes. Although the activity for aliphatic aldehydes with a short chain was significantly lower in mutant individuals, activity for aldehydes with a long chain (octyl and decylaldehydes in the present study) was comparable between the two genotype groups. Aldehydes with two and three carbon atoms (acetaldehyde and propionaldehyde) were metabolized differently in the two groups with respect to the turnover rate, but this rate was the same when the aldehydes contained an aromatic ring. For the aromatic aldehydes and the physiological substance retinaldehyde, the activity was almost the same in the two groups. These results suggest that the SNPs of the ALDH2 gene may only affect the metabolism of aldehydes with some structural identities. Although the physiological substrate of ALDH2 has yet to be further characterized, this mitochondrial isozyme is constitutively expressed in various tissues, with the highest level in the liver. The cytosolic activity toward the shortchain aldehydes was also different in the two SNPs, but this difference might, at least in part, be due to the leakage of the isozyme from mitochondria. Nevertheless, the marked decrease in the total activity in the liver tissue confirmed the significance of the isozyme in the metabolism of acetaldehyde and other short-chain aliphatic aldehydes.
Although some subforms in the superfamily of ALDH have not yet been characterized functionally or identified in the genome, the isozymes seem to have different affinities toward different substrates, with some overlap (Vasiliou and Pappa, 2000) . ALDH1A1 and 1A7 show considerably high affinity for retinaldehyde and, therefore, may play an important role in vitamin A metabolism. ALDH1A1 and ALDH1B1 catalyze the oxidation of aliphatic aldehydes, including acetaldehyde. Only one gene is known in the ALDH2 family, and it encodes a mitochondrial enzyme with very high affinity for acetaldehyde, although it also has some activity for other aliphatic aldehydes, as shown in the present study. The cytosolic ALDH3A1 and microsomal 3A2 in ALDH3A subfamily are involved in the metabolism of medium-chain and aromatic aldehydes. The former subform may contribute significantly to the high metabolic rate of benzaldehyde in the cytosolic fraction observed in the present study. Other isozymes show high affinity to some specific substrate: ALDH4A1 to glutamate ␥-semialdehyde, 5A1 to succinic semialdehyde, 6A1 to methylmalonate semialdehyde, and 9A1 to amine aldehyde. These facts imply that deficiency or inactivation of one isozyme of ALDH may only affect the metabolism of a limited number, not all, of aldehyde substrates.
Several mutations in the ALDH2 gene and its promoter sequences have been identified (Novoradovsky et al., 1995; Chou et al., 1999; Peterson et al., 1999) , but the single base mutation of G to A at residue 487 is of the most significance to the activity of the enzyme. As shown in our study, most individuals with the mutant allele were virtually nondrinkers, making genetic polymorphisms as a protective factor against alcoholism. On the other hand, the mutant allele has been associated with alcohol-induced organ damage, and a high-risk factor for the development of esophageal and upper aerodigestive tract cancers (Yokoyama et al., 1999; Vakevainen et al., 2000) . Other aldehydes may also show different toxicity if metabolized by different polymorphic forms of ALDH2. Such a case is the occupational exposure to vinyl chloride, which is transformed to chloroacetaldehyde in vivo. The resultant aldehyde is detoxified by ALDH2; otherwise it can produce DNA damage as an alkylating agent. The mutant ALDH2*2 allele is a high-risk factor for increased sister chromatid exchange rate in workers exposed to vinyl chloride (Wong et al., 1998) . In other cases, accumulation of acetaldehyde after drinking in individuals with the mutant allele may compete with retinaldehyde for the same isozyme ALDH1A1, leading to several complications associated with vitamin A metabolism (Ambroziak and Pietruszko, 1991) . Therefore, ALDH2 polymorphisms should be taken into consideration in the risk assessment of any chemicals if one of the steps in their metabolism is attributable to the isozyme. Although ALDH3A1 was induced by 2,3,7,8-tetrachlorodibenzo-pdioxin, catechol, and methylcholanthrene in cell culture studies (Takimoto et al., 1992; Torronen et al., 1992; Sreerama and Sladek, 1994) , whether other isozymes are inducible remains to be determined. In our study, drug treatment did not seem to influence ALDH activity toward different aldehydes, although such treatment was only limited to 3 to 5 days. It is possible that ALDH activity (mainly the low K m activity) is depressed in patients with severe liver disease (liver cirrhosis) (Pares et al., 1987; Vidal et al., 1998 ), but we did not find any influence of either mild abnormality in liver function or drinking and smoking habits on the activity. The latter finding is consistent with the report of Vidal et al. (1998) . Furthermore, the activity in human stomach and colon was not influenced by sex and age (Yin et al., 1994; Lai et al., 2000) . Our analysis found that the activity in human liver was similar in both sexes but slightly, although not significantly, decreased in older subjects. These findings suggest that ALDH with a low K m is stably expressed in the human digestive system and also possibly in other tissues.
